To explore the high frequency radio spectra of galaxies in clusters, we used NRAO's Very Large Array at four frequencies, 4.9 − 43 GHz, to observe 139 galaxies in low redshift (z < 0.25), X-ray detected, clusters. The clusters were selected from the survey conducted by Ledlow & Owen, who provided redshifts and 1.4 GHz flux densities for all the radio sources. We find that more than half of the observed sources have steep microwave spectra as generally expected (α < −0.5, in the convention S ∝ ν α ). However, 60 − 70% of the unresolved or barely resolved sources have flat or inverted spectra. Most of these show an upward turn in flux at ν > 22 GHz, implying a higher flux than would be expected from an extrapolation of the lower frequency flux measurements. Our results quantify the need for careful source subtraction in increasingly sensitive measurements of the Sunyaev-Zel'dovich effect in clusters of galaxies (as currently being conducted by, for instance, the Atacama Cosmology Telescope and South Pole Telescope groups).
INTRODUCTION The
Sunyaev-Zel'dovich effect (SZE; Sunyaev & Zel'dovich 1970 ) is a powerful method for detecting clusters from observations of the cosmic microwave background (CMB). The hot electrons in the intracluster medium inverse-Compton scatter the CMB photons, distorting the CMB spectrum as seen in the direction of a cluster. Because the SZE is redshift independent and is caused by the presence of dense gas deep within the potential well of dark matter halos, SZE surveys can effectively detect high redshift clusters (see e.g., Carlstrom et al. 2002 , for a recent review) and are less confused by large scale structure than optical surveys.
Several microwave background experiments with mJy level sensitivity and 1-10 arcminute beams, including the Atacama Cosmology Telescope (ACT 7 ; Fowler et al. 2007 ), the South Pole Telescope (SPT 8 ; Staniszewski et al. 2008; Ruhl et al. 2004) , the Arcminute Microkelvin Imager (AMI 9 ; Zwart et al. 2008; AMI Collaboration et al. 2006) , the Atacama Pathfinder Experiment SZ survey (APEX-SZ 10 ), and Planck 11 , will yield thousands of SZE clusters in the next few years; in particular, all four ground experiments were already operational in 2007. The data from these surveys will permit study of the mass function of clusters over cosmic epochs, a measurement which can elucidate the role of dark energy because structure growth slows during dark energy domination.
As a probe of precision cosmology, a SZE survey has to control its systematics, particularly regarding the correlation between the SZE signal and cluster mass (e.g., Lin & Mohr 2003) . Radio point sources often found at or near cluster centers pose serious challenges in this regard (Carlstrom et al. 2002) . Powerful sources can overwhelm the cluster SZE signature (Cooray et al. 1998; Coble et al. 2007) , and weaker, unresolved sources can collectively contaminate the SZE signal (Pierpaoli & Perna 2004) . Clusters missed or affected this way would distort the measurements of cosmological parameters from SZE surveys, and it is therefore crucial to estimate the degree of contamination due to radio sources.
Although at low frequencies (1.4-5 GHz) there have been extensive studies of the radio galaxy population in clusters (e.g., Ledlow & Owen 1996; Miller & Owen 2001; Morrison & Owen 2003; Lin & Mohr 2007) , it is not clear at present how these sources behave at the frequencies (≥ 15 GHz) and flux levels (∼ mJy) of on-going SZE surveys. Most of the forecasts for future surveys therefore rely on large extrapolations either in frequency or in flux level, and often both, from existing data (e.g., Toffolatti et al. 1998; Knox et al. 2004; White & Majumdar 2004; de Zotti et al. 2005 ; however see Sadler et al. 2008 for recent observations at 95 GHz). For example, Lin & Mohr (2007, hereafter LM07) use the observed spectral energy distribution (SED) and spectral index distribution (SID) from 1.4 to 4.85 GHz to estimate SZE survey contamination from the observed 1.4 GHz cluster radio luminosity function. At 150 GHz, they estimate that about 10% of clusters of mass 10 14
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15 M ⊙ may host AGNs whose total fluxes exceed that of the SZE signal. Although the AGN contribution can be detected and subtracted by combining observations at different frequencies used in a SZE survey, a more critical issue is to be able to quantify the uncertainty about the fraction of clusters being lost or contaminated at few percent level (Lima & Hu 2005) . This extrapolation over two orders of magnitude in frequency (i.e., from 1.4 GHz to 150 GHz) is highly uncertain, and points out the importance of understanding the actual frequency dependence of these cluster sources.
An extensive follow up of the 15 GHz 9C survey from 1.4 to 43 GHz (Bolton et al. 2004) clearly demonstrates that the SED of radio sources is highly non-trivial, but does not focus on cluster radio sources. With sensitive observations toward 89 clusters over 0.1 ≤ z < 1, Coble et al. (2007) determine the SID between 1.4 and 28.5 GHz. This is a major step toward understanding of the nature of the radio sources in intermediate-to high-z clusters. However, we note that their sample is effectively selected against clusters hosting bright radio sources. Furthermore, only a few of the radio sources are spectroscopically confirmed cluster members. Therefore it is not clear whether their sample is representative of the cluster radio source population as a whole.
Here we present a systematic study of the spectral energy distribution of cluster radio sources from 4.86 to 43.3 GHz, conducted with the Very Large Array (VLA). 139 radio galaxies associated with 110 clusters at z < 0.25 are observed at three or four frequency bands nearly simultaneously, allowing better determination of the spectral shape. Photometric data from the Sloan Digital Sky Survey (SDSS), where available, are used to examine correlations (if any) between the SID/SED and properties of the host galaxy and cluster, such as color, luminosity and clustercentric distance. Our survey improves upon previous studies in several aspects, including the selection of cluster member galaxies based on available redshifts, the large sample size, and the near-simultaneous measurement of fluxes in all four bands.
The plan of the paper is as follows. In §2 we describe our cluster and radio galaxy sample. The details of the observations and data reduction are provided in §3 and §4, respectively. As the angular resolution of the observations at different frequencies is quite different, we pay particular attention in comparing the fluxes in different bands; the procedure is reported in §5. We present the SED and SID of the sources in §6, and the properties of the host galaxies and clusters in §7. Based on these new results, we forecast the possible contamination due to radio sources of SZE surveys in §8. We conclude by summarizing our main findings and suggesting directions for further work in §9. Throughout this paper, we employ a flat ΛCDM cosmological model where Ω M = 1 − Ω Λ = 0.3 and H 0 = 70h 70 km s −1 Mpc −1 .
2. CLUSTER AND RADIO GALAXY SAMPLE SELECTION Ledlow & Owen conducted a 1.4 GHz survey of radio galaxies in ∼ 400 clusters at z < 0.25 with a limiting sensitivity of 10 mJy, and provided extensive redshift measurements for the host galaxies Owen et al. 1995; Owen & Ledlow 1997) . Their cluster sample was drawn from the Abell catalogs (Abell 1958) , and was restricted to area with reddening at R-band of less than 0.1 mag. We further limited ourselves to 110 clusters that are detected in X-rays. The main reasons for this requirement are: (1) as our ultimate goal is to make predictions for the radio source contamination in SZE surveys, it is preferable to work with a cluster sample that is selected in a similar fashion as in SZE surveys; and (2) the X-ray emission provides a rough estimate of the cluster mass, which is an important ingredient in our forecast for the SZE surveys. As radio galaxies are rare, to maximize the sample size, we did not set any X-ray flux limit as we compiled our cluster sample. Based on Ledlow & Owen's redshift catalog, 139 galaxies associated with these clusters were selected as our radio galaxy sample.
We note that Ledlow & Owen surveyed the galaxies within 0.3 Abell radius of the cluster center (i.e., ≈ 0.64h −1 70 Mpc), irrespective of the size (mass) of the clusters. Given the high concentration in the spatial distribution of radio sources within clusters (LM07), their approach should include the majority of the sources associated with the clusters, thus providing us with a representative initial sample of radio galaxies. Using only sources projected within 40% of the virial radius does not change the derived SIDs or forecasts on the radio source contamination of the SZE (see § §7 & 8).
In some cases we detect galaxies not in our initial sample that we could confirm are cluster members on the basis of common redshift (see §6.1).
3. OBSERVATIONS Measurements in all four spectral bands were made at default VLA frequencies, centered at 43.3, 22.4, 8.5 and 4.9 GHz 12 . The observations discussed here were made in late October, 2005, with the VLA in a hybrid DnC configuration. In this configuration, the north-south baselines are on average longer than the east-west baselines, and as a consequence the synthesized beam is highly elliptical except for sources observed near the meridian at low elevation. During our runs, several antennas had been removed for repair or refitting; on average we had only 22 available, resulting in a ∼ 20% reduction in sensitivity from the full array of 27. The first run, during the night Oct. 23-24, was carried out in mostly cloudy weather with poor atmospheric phase stability. We consequently elected to defer the 43 GHz observations to later runs. The high frequency Q-band observations were concentrated in a short run on Oct. 28 and a much longer run on Oct. 29-30 -the latter in excellent, clear weather. The final short run on the night of Oct. 31 was used to obtain fill-in measurements on sources missed earlier at various frequencies.
Calibration
For all but the Oct. 31 run, our flux density scale was based on 1331+305 (3C286), for which NRAO specifies flux densities of 1.4554, 2.5192, 5.205 and 7.485 Jy at 43.3, 22.4, 8.5 and 4.9 GHz, respectively. 3C286 was not visible during our short run on Oct. 31; for these data we employed 3C48 as the primary flux calibrator, and carefully intercompared the flux densities obtained for sources and secondary calibrators observed in common on this day and earlier ones. In the case of the two highest frequency bands, we employed standard software in the AIPS software package to import a model of the primary calibrators to take account of slight resolution effects in K and Q bands.
A variety of secondary (phase) calibrators were employed; we in general selected calibrator sources with reasonably flat spectra so that the same source could be used for observations in all four bands. Calibrators generally were within ∼ 15
• of all of our cluster sources.
Additional information on some instrumental parameters is provided in Table 1 . Note that the values for the synthesized beam shape are approximate, since the beam geometry depends on the declination and hour angle of the source.
Fast Switching
In the case of the 43 GHz observations, we employed fast switching between the source of interest and a nearby phase calibrator source. The integration times on source and calibrator were set to be approximately equal to or less than the atmospheric phase coherence time at 43 GHz. Rather than adjusting these integration times on the fly, we set them to be 100 sec on sources between calibrations, and 40 sec on nearby calibrators. For each galaxy observed, this cycle was repeated 3 times.
4. DATA REDUCTION, ANALYSIS, AND IMAGING The raw amplitude and phase data are flagged for shadowing of one antenna by another, interference, noisy correlators, weak antennas, and so on. In general, this flagging process removes only a few percent of the raw data. When data from the available antennas in the array are combined, the data are weighted by the inverse of the variance in the average signal.
Each source at each of the four frequencies is imaged using standard NRAO procedures in the AIPS software package. In forming the images, the pixel or cell size initially employed is 0.1 ′′ , 0.2 ′′ , 0.6 ′′ and 1.0 ′′ at 43.3, 22.5, 8.5, and 4.9 GHz, respectively. These values allow complete sampling of the synthesized beam even along its minor axis. In all cases, we make 1024 2 images. The raw images are lightly cleaned of side lobes (∼ 200 iterations) again using standard NRAO procedures in AIPS. In most cases, when a source or sources are evident in the raw image, we clean first in a small area containing the source(s), then lightly clean the entire 1024 2 pixel image. If no source is evident in the initial image, we simply clean lightly over the entire area. We have experimented with different levels of cleaning, and found no significant change in the flux densities of sources.
Flux Density of Unresolved or Barely Resolved Sources
Flux densities of evident, and unresolved or barely resolved, sources are determined by fitting a two-dimensional Gaussian to each image, using a standard process in AIPS (specifically, IMFIT). We report the integrated flux for each source. When no source is evident at or near the specified position, we compare 4σ (σ is the local noise rms) to 2σ added onto the brightest flux per beam near the image center (within 50 pixels), and present the larger of the two as an upper limit.
EFFECTS OF RESOLUTION
As expected, many cluster radio sources show evident, resolved, structure at one or more of our observing frequencies. For resolved or irregular sources it is more difficult to obtain accurate fluxes; more importantly, the flux densities of resolved and complex sources are difficult to compare at different frequencies. For instance, the lobes of some of the classical FRII radio sources in our list are well delineated at 4.9 GHz, but only isolated hot spots in the lobes are visible at higher frequencies. In addition, the angular resolution of the VLA synthesized beam in the DnC configuration varies from ∼ 2 ′′ to ∼ 13 ′′ depending on frequency; much of the flux of extended sources is resolved out at higher frequencies. When flux is resolved out, only lower limits can be placed on spectral indices.
Tapered 43 GHz Images
Since we are most interested in the highest frequencies, 22 and 43 GHz, flux densities and the 22-43 GHz spectral index, we convolve our 43 GHz images with an elliptical Gaussian weighting profile to broaden the synthesized beam to match approximately the larger size of the synthesized beam at 22 GHz. This is done by applying a Gaussian weighting function to the u − v data before imaging, again using a standard procedure in the AIPS task IMAGR. A u − v taper of 45kλ and 135kλ provides a good overall match to the 22 GHz beam. For these tapered images we employ 0.2 ′′ cells, as for the 22 GHz images. By approximately matching the 22 and 43 GHz synthesized beams, we eliminate or reduce the problem of resolution and are able to compare fluxes from matched areas of the sky. Thus our 22-43 GHz spectral indices are unbiased values.
Unless otherwise noted, all flux densities at 43 GHz are derived from these tapered images.
Because of the larger frequency ratio between 8.5 and 22 GHz, tapering the 22 GHz images to match the 8.5 GHz synthesized beam produces very noisy images (much of the u − v data was strongly down-weighted), so we elect not to taper the 22 GHz images; see §6.4 for further details. Hence spectral indices based on fluxes at 8.5 (or 4.9) GHz are lower limits, as noted above.
Flux Density of Resolved or Irregular Sources
In the case of irregularly shaped or clearly extended sources, we estimate the flux density within a rectangular region including all of the visible emission. These are figures cited in Table 5 (see §6). Relatively few of the 22 and 43 GHz sources are complex enough to require this treatment.
6. OBSERVATIONAL RESULTS We have observed 139 galaxies, and detected 136 in at least one band. The three that show no sign of a source at any of the frequencies are 0053−102B, 1108+410A, and 1657+325B. These three are not included in our analysis. We note that the first and last of these three are weak 21 cm sources in Ledlow & Owen's catalog. On the other hand, 1108+410A has a flux of 116 mJy in their catalog, but is very extended. In our 4.9 GHz image, we see faint traces of a source, but it is almost entirely resolved out even at ∼ 12 ′′ resolution. For 111 galaxies we are able to measure flux in at least three bands. This subsample will allow better determination of the spectral shape, and will be the focus of this section. Some of these galaxies have multiple components, and in total we detect 140 radio sources associated with them. Table 2 records the detection statistics of our sources. In Table 5 we provide the available flux density measurements of all the sources. Most blank entries in Table 5 are for background sources (see §6.1) far enough from the image centers so that they are not contained within the primary beams at the two higher frequencies we employed. In other cases, our runs on a particular source at a particular frequency were spoiled by weather or lost for other reasons. In a smaller number of cases, including for instance 0816+526, sources seen independently at the higher frequencies were blended at 5 GHz, so that it was not possible to determine accurate flux densities at that frequency.
"Background" Sources
In many of our images, especially those at low frequencies with their correspondingly larger solid angle, we by chance detect sources at a distance from the center of the field (or pointing position). Since our target galaxies are all at low redshift, these peripheral sources are presumably mostly background radio sources. We exclude from our analysis of the Owen & Ledlow (1997) were not detected at any frequency in our VLA observations. statistical properties of cluster radio galaxies all such "background" sources. Four of these "background" sources, however, have catalogued redshifts which show they are cluster members. These 4 are added to our sample of cluster galaxies in the subsequent analysis.
Overall Properties of Cluster Radio Galaxies
We now focus on the 111 cluster radio galaxies for which the spectral shape can be reliably traced, since we have measurements at ≥ 3 frequencies. At the lowest frequency, 4.9 GHz, virtually all of the sources have complex structure. In ∼ 75% of the sources, a clear core or small, barely resolved jet is visible. Even in these cases however, there is generally additional extended emission. In other sources, the cores or other resolved or barely resolved structures visible in higher frequency, higher resolution, images are unresolved or merged with diffuse structure in the 4.86 GHz images. An example is shown in Fig. 1 . This makes it difficult to isolate the cores at our lowest frequency, and to determine their flux densities for comparison with measurements at higher frequencies. In some cases, our best option is to compare the 4.9 GHz flux of an entire source with the sum of the flux densities of its components at the next highest frequency.
At the next highest frequency, 8.5 GHz, with a 4 ′′ × 8 ′′ beam, cores and jets are more frequently resolved and isolated. On the other hand, we are resolving out some of the flux of extended features seen in the lower resolution 4.9 GHz image. As already noted, that means that the 8.5 GHz flux densities may be underestimated for large, extended sources and hence our calculated values of the 4.9-8.5 GHz spectral index are generally lower limits. On the other hand, the flux density determination for isolated, barely resolved cores and jets are more accurate and less influenced by background emission than is the case at 4.9 GHz. At the two highest frequencies, because of the higher res-olution, most of the extended structure seen at the two lower frequencies is resolved out and barely visible or not apparent (see Fig. 2 ). As noted in §5.1 above, we convolve the 43 GHz images to produce a synthesized beam matching that at 22 GHz. Thus we can fairly intercompare flux densities at the two higher frequencies, but it remains the case that spectral indices involving flux densities at either of the two lower frequencies will be lower limits.
SEDs of Cores and Other Point-like or Barely Resolved Sources
The very different resolution of our images at different frequencies makes it difficult to compare flux densities directly, and hence to determine SEDs, especially for complex or resolved sources. We therefore elect to concentrate on unresolved or barely resolved sources or the obvious cores within more complex structure. These sources are flagged in column 4 of Table 5 with a "C" indicating a well defined core or "P" indicating an unresolved or barely resolved "point-like" source. We are not claiming that these sources are necessarily unresolved at ∼ 1 ′′ scale, but rather that they are sufficiently isolated and regular in appearance that accurate flux densities can be obtained.
Of the 140 cluster sources for which the determination of a SED is possible, 73 or 52% are either point-like or barely resolved in one or more of our three highest frequency images or have a clearly identifiable core at one or more of these same frequencies.
SEDs of Extended Sources
Because of the resolution effects discussed in §5.1, our SEDs and spectral indices for extended sources are less certain. In general, as expected (e.g., de Young 2002), the lobes and diffuse structure show steep spectral indices. In a few cases, as an experiment, we convolve the 8.5 GHz images to match the resolution of the 4.9 GHz images to allow direct comparison of fluxes. The results are shown in Table 3 . From the table, it is clear that in these sample cases, at least, resolution is not significantly affecting the 8.5 GHz fluxes in major ways, except for clearly resolved sources.
If only emission from lobes and extended structure were involved, the generally steep spectra would ensure that most cluster radio sources would present minimal problems for SZE measurements carried out at frequencies above, say, 90 GHz. The second-to-last column of Table 5 lists estimated 90 GHz flux densities based on the X band flux, assuming that the spectral index between 4.9 and 8.5 GHz can be directly extrapolated to 90 GHz. The last column of the Table is the estimate based on the Q band flux where available, using the spectral index between 22 and 43 GHz. Note the frequent substantial differences in extrapolated flux.
SEDs of Cores
However, we find that the cores and other unresolved or barely resolved structures generally have flatter spectra, and in particular that many sources exhibit a substantial change in spectral index at frequencies above 22 GHz. This means that cluster radio sources may present a larger problem for sensitive SZE measurements than might be expected from the extrapolation of low frequency measurements (e.g., LM07). For that reason, as well as because of the difficulty of obtaining the fluxes of extended sources, we concentrate on cores and other unresolved or barely resolved components. We will FIG. 3.-The distribution of the spectral indices provides a way to quantify the relative proportions of different spectral shapes, as indicated in the four quadrants. We list the percentage of each type of spectral shape in the corresponding quadrants. Note that a large fraction of sources exhibit curvature in their spectra (e.g., the "upturn" type).
focus on the 73 sources that are detected in three or more bands with these morphologies. It is important to recall, however, that even for these relatively compact and uncomplicated sources, resolution effects may cause us to miss some of the flux. Since we use tapered Q band flux densities, α KQ is nominally unaffected, but resolution may affect the spectral indices at lower frequencies.
An efficient way to quantify the distribution of the spectral shapes is through the "two-color" plot (Sadler et al. 2006) , shown in Fig. 3 , where the spectral index between the C & X bands (α CX ) is plotted for 57 core/point-like sources against that between the K & Q bands (α KQ ). Throughout our analysis, we adopt the notation for the spectral index such that a power-law spectrum is described as S ν ∝ ν α . Following the common practice of referring to sources with α < −0.5 as "steep", and "flat/inverted" otherwise, the α CX − α KQ space is divided into four quadrants, as delineated by the two dashed lines in Fig. 3 . Starting from the first quadrant (upper-right corner) and going counterclockwise, the quadrants contain sources with flat/inverted spectra, with spectra that turn flat above 8 GHz, with steep spectra, and with spectra that peak around 10 or so GHz [which we refer to as "approximately gigahertz peaked spectrum" (≈ GPS) sources], respectively. The relative proportions of these types of spectral shape are shown in Fig. 3 . We can also see that ∼ 84% show a more positive high frequency spectral index than low frequency spectral index, that is a flattening at frequencies above 8 GHz or so. Only about one third of the sources have steep spectra from 4.9 to 43 GHz. The lack of correlations of the data points clearly suggests that the spectral shape of the core/point-like sources is non-trivial.
If we include all 75 sources irrespective of their morphology, the relative proportions of the four quadrants become 13.1% (flat/inverted), 35.7% (upturn), 48.8% (steep), and 2.4% (≈GPS).
With ∼ 100 sources detected at 18 GHz with the Australian Telescope Compact Array (ATCA), Sadler et al. (2006) study the distribution of the spectral shapes with the two-color plot, where their low and high frequency indices are based on 0.8 
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& 5 GHz, and 8 & 18 GHz fluxes, respectively. We note that they separate the flat/inverted sources from steep ones at α = 0; adopting the same definition, we find that the great majority of our sources become steep (73%) and upturn (23%). This seems to suggest that our cluster sources exhibit steeper spectra than theirs. However, the fact that the two samples are selected at very different frequencies (1.4 v.s. 18 GHz) needs to be taken into consideration. In addition, although the majority of their sources are likely QSOs and BL Lac objects, most of them lack redshift information, which makes it difficult to make a fair comparison (e.g., the nature of the sources and their environments, as well as possible cosmological evolution). Nevertheless, we agree with their conclusion that extrapolation of fluxes to high frequencies (e.g., 10 GHz) based on low frequency observations is not reliable.
Spectral Index Distribution
Here we quantify the spectral index distribution in the 5 − 8, 8 − 22, and 22 − 43 GHz bands. An important aspect in estimating the SIDs is to deal with sources for which only an upper limit in flux in one of the bands is available, which leads to upper or lower limits of the spectral index. To accommodate such cases, we calculate the distribution with the ASURV package (Feigelson & Nelson 1985; Isobe et al. 1986) , which is based on survival statistics, a branch of statistics developed in actuarial estimates of human survival and mortality (see e.g., Feigelson & Nelson 1985 for a review). The resulting SIDs are shown in Fig. 4 , where the solid histogram is for sources with core/point-like morphology, and the dashed histogram is for all sources. We record the mean values of the indices in Table 4 . As expected, the SIDs based on all the sources have a mean that is more negative.
A recent study presents the spectral indices between 1.4 & 28.5 GHz for 95 probable cluster radio sources (Coble et al. 2007). They find that the mean of the index is ∼ −0.7. Because of the differences between the beam size of the 1.4 GHz observations made by Ledlow & Owen (1996) and ours, we do not attempt to calculate an analog to their spectral index (e.g., α LK ). Furthermore, as the spectral shape tends to be complicated, it is not clear how much predictive power an index spanning such a wide range in frequency would have.
CORRELATION OF SPECTRAL INDICES AND
PROPERTIES OF THE HOST GALAXIES AND CLUSTERS Next we examine if there is any correlation between the spectral indices (from sources of core/point-like morphology) and the properties of the host galaxies or of the clusters. In particular, we consider the optical and radio luminosities, as well as the optical color, of the host galaxies. As for the cluster-related properties, we look at the mass and redshift of the clusters, and the projected radial distance to the cluster center, which is determined from the emission peak of the intracluster gas. FIG. 5 .-Distribution of the spectral indices with respect to properties of host galaxies. We consider the absolute optical (V-band) magnitude, the optical color (u − r), and the radio power at 1.4 GHz of the hosts. No apparent correlation is found.
In Fig. 5 we show scatter plots between α CX /α KQ and the galaxy properties. Fig. 6 is the corresponding plot for the cluster properties. A few points are worth commenting on both Figures. First, we note that the host galaxies are of moderate optical luminosity (recall that M * = −20.8 in the V-band), and are red in color (u − r > 2.2). Inspecting the optical images of the host galaxies from SDSS confirms that most of the galaxies are early type, of elliptical morphology. The distribution of the 1.4 GHz luminosities (P 1.4 ) suggests that these galaxies are likely FRI-type radio-loud AGNs.
The cluster mass M 200 is estimated from the X-ray luminosity (L X )-virial mass relation (Reiprich & Böhringer 2002) . M 200 is defined as the mass enclosed by r 200 , a radius within which the mean overdensity is 200 times the critical density. Because of the scatter in the L X -M 200 relation, our mass estimate is only accurate to 50% (Reiprich & Böhringer 2002) . Nevertheless, it is shown that L X is a unbiased mass indicator (Reiprich 2006) . As our main purpose is to find correlations with the cluster mass, L X should suffice as a proxy for mass. For each radio source, we normalize its clustercentric distance by r 200 , to account for the difference in cluster mass. As Fig. 6 suggests, our clusters span a range > 20 in mass. The majority of the sources are concentrated toward the cluster center, which confirms several earlier findings (e.g., Morrison & Owen 2003; LM07) .
It is interesting to see that there appears to be no strong correlations between the spectral indices and the host galaxies/clusters. The Spearman's rank correlation coefficients for all cases we examine are between −0.1 and −0.34, indicating no significant correlations. The pair of properties that shows the strongest correlation is that between α KQ and P 1.4 (correlation coefficient = −0.34). But this is mainly driven by a couple of sources that have the most negative spectral index. Coble et al. (2007) do not find any difference between the spectral indices for sources in the inner and those in the outer parts of the clusters, suggesting lack of correlation with clustercentric distance, which is consistent with our finding here. Considering the fact that spatial distribution of the lowpower radio galaxies is very concentrated towards cluster center (LM07), this seems to suggest that although being near FIG. 6 .-Distribution of the spectral indices with respect to properties of host clusters. We examine the mass of the clusters, the distance to the cluster center (normalized by the virial radius of the cluster, r 200 ), and the redshift. As expected, radio sources concentrate towards cluster center. As in Fig. 5 , we do not find significant correlations.
the center of massive halos increases the probability of accretion onto the supermassive blackholes (e.g., high gas density or/and pressure from the intracluster medium), the resulting emission is dominated by the small scale physics of the nucleus rather than by the cluster environment.
IMPLICATIONS FOR SZE SURVEYS
The main motivation to conduct the present study is to characterize the SED/SID of radio sources associated with galaxy clusters, which can be used to assess their effect on the detection and characterization of clusters through the SZE. Simply put, the SIDs can be used to extrapolate the observed radio luminosity function (RLF) at low frequencies to the frequency of an SZE experiment, which in turn provides an estimate of the abundance of radio sources.
Our approach is similar to that of LM07, and we refer the reader to that paper for more details ( §7 therein). We will only provide an overview of the method here. The basic idea is to use the (observed) RLF within clusters and groups to predict the number and flux of radio sources expected in massive halos of given mass and redshift. Specifically, the RLF gives the number density of radio sources which, when multiplied by the volume of the halo, becomes the number of sources expected. One can draw (Poisson) random numbers from it, and assign radio luminosities according to the RLF. On the other hand, given the mass and redshift of a halo, one can predict its SZE signal, which can be compared with the total fluxes from the radio sources. By repeating this procedure for a large number of halos of the same mass and redshift, one produces a radio galaxy catalog in a Monte Carlo fashion, and can determine the fraction of clusters that are significantly affected by the radio sources they host. In §8.1 we describe our scheme for extrapolating the RLFs, and in §8.2 we present our estimates of the contamination of the SZE due to cluster radio sources.
Extrapolation of the Radio Luminosity Function
The main ingredients in our method include: the 1.4 GHz RLF of radio sources residing in massive halos, the SIDs be- tween several frequencies, and a model for the redshift evolution of the RLF. The 1.4 GHz RLF in units of space density is measured in LM07, and we give in §7 the distributions for α CX , α X K , and α KQ . For SZE surveys operating at ∼ 150 GHz (e.g., ACT and SPT), for low redshift sources, our modeling requires a factor of ∼ 4 extrapolation of the radio spectra in frequency (i.e., from 43 GHz), which represents a dramatic improvement from that of LM07, which adapted an SID from 1.4 and 4.85 GHz measurements. However, because of the mismatch between the angular resolutions in our images at C, X, and K bands, the spectral indices we determine between these bands may be lower limits, and thus the SIDs of α CX and α X K may be biased towards negative values. To assess the effects of the choices of SIDs, we will utilize other data sets to determine the SIDs at ν 20 GHz. To this end, we combine the catalogs from the NVSS (Condon et al. 1998 ) and GB6 (Gregory et al. 1996) surveys to measure the 1.4 − 4.85 GHz SID, and use the results from the AT20G survey (Sadler et al. 2006) to measure the 8.5 − 20 GHz SID. We describe the construction of the matched NVSS/GB6 sample, as well as the AT20G data, in the Appendix. As the beam sizes of both NVSS and GB6 surveys are large (45 ′′ and 3.5 ′ , respectively), the flux, and in turn the spectral index α LC measurements, should be reliable except for very extended sources. On the other hand, the AT20G survey selects sources at 20 GHz, and the resulting sample would be biased towards flat-spectrum sources. These SIDs are shown in the middle and lower panels in Fig. 7 . The mean values of α LC,NV SS/GB6 and α X K,AT20G are −0.754 ± 0.024 and −0.028 ± 0.046, respectively. Using the SID(1.4 − 4.85, NVSS/GB6) and SID(8 − 20, AT20G) rather than those presented in §7 will produce extrapolated RLFs with higher amplitude (i.e., more radio sources), resulting in higher estimates of the contamination of SZE signals. We caution that the SIDs from NVSS/GB6 and AT20G are not limited to radio sources in groups and clusters 13 (although the NVSS/GB6 sources are constrained to be at z < 0.4). However, incorporating these SIDs allows us to explore the degree of AGN contamination of the SZE to a fuller extent.
LM07 measure the 1.4 GHz RLF for cluster radio sources. We transform that RLF to higher frequencies by convolving it with the spectral index distribution via (LM07) φ 2 (log P 2 ) = φ 1 log P 2 + α log(ν 1 /ν 2 ) f (α 12 )dα 12 , ( It is certainly preferable to utilize the full spectral shape from 5 to 43 GHz of our sources for the extrapolation of the RLFs. We elect not to do so in the current analysis, as our determination of spectral shape below 22 GHz may not be reliable. Instead, we treat the spectral indices at different frequency bands as independent, and extrapolate the RLFs in a piecewise fashion. This is justified given the lack of correlation of spectral indices in the radio two-color diagram (Fig. 3) .
Ideally, one would extrapolate the RLF separately for the compact and extended components of radio sources. However, the 1.4 GHz RLF presented by LM07 is based on fluxes from both the core and extended structures. Given that at low frequencies, the lobes usually dominate in flux over the cores (e.g., Fig. 2) , the core-only RLF would have a smaller amplitude than the combined RLF. However, to determine the relative proportion of the core-only and the lobe-only RLFs, one needs to carefully examine all radio sources that contribute to the RLF, which is beyond the scope of the current analysis.
We note that the SID(1.4 − 4.85) derived from the NVSS/GB6 surveys should be representative for all sources with α 1.4,4.85 −2 (see Appendix), and therefore may result in an extrapolation of the 1.4 GHz RLF (to ∼ 5 GHz) that appropriately takes into account the differences in the spectral shape of extended and compact sources. To further extrapolate to higher frequencies, we can use SIDs that are known to be biased towards positive and negative values of spectral indices, thus giving the (presumably) full range of possible RLFs. Our forecasts on the radio source contamination of the SZE based on the RLFs will then reflect the incomplete knowledge of the source spectral shapes. To this end, for the four frequency ranges that we have determined the SIDs, we will employ a variety of SIDs to extrapolate the RLFs:
• 1.4 − 5 GHz: SID(1.4 − 4.85, NVSS/GB6).
• 5 − 8 GHz: SID(1.4 − 4.85, NVSS/GB6), SID(5 − 8, this work, point/core-like sources), or SID(5 − 8, this work, all sources).
FIG. 8.-Radio luminosity function (RLF) of radio-loud AGNs at four frequencies. We transform the 1.4 GHz cluster AGN RLF from LM07 (measured within the virial radius; solid line) to 15 & 30 GHz (bottom panel), and 90 & 145 GHz (top panel), using Eq. 1. To account for uncertainties in the spectral shapes of the sources, we use a variety of SIDs (see §8.1) to extrapolate the RLF; the shaded regions enclose the probable range of the RLFs at these frequencies.
• 8 − 22 GHz: SID(8 − 22, this work, all sources) or SID(8 − 20, AT20G).
• 22 − 43 GHz: SID(22 − 43, this work, point/core-like sources) or SID(22 − 43, this work, all sources).
Results
As explained in the previous subsection, using various combinations of SIDs we estimate the possible range of the RLFs given the uncertainties in the spectral shape of the radio sources. The z ∼ 0 extrapolated RLFs (within r 200 ) at 4 frequencies are shown as the shaded regions in Fig. 8 . The bottom (top) panel shows the RLFs at 15 & 30 GHz (90 & 145 GHz) . At each frequency, the shaded region encloses the maximum and minimum of the RLFs resulted from the 12 SID combinations (6 for 15 GHz). For comparison, in both panels the solid curve is the 1.4 GHz RLF.
Compared to a similar plot presented in LM07 (Fig. 13  therein) , a dramatic change in the amplitudes of the extrapolated RLFs is seen. At 145 GHz, at the luminous end, the upper envelop of the RLF is about a factor of 60 less than that estimated in LM07. This is due to the combined effect of (1) the use of several SIDs in different frequency bands in the present analysis (so that the results are not strongly dependent on one single SID), and (2) that the SID used in LM07 may be biased to positive indices, as non-detections at 4.85 GHz during the matching of sources between 1.4 and 4.85 GHz were not properly taken into account (see Appendix for more discussion).
To check our extrapolation scheme, we show in Fig. 9 a comparison between our extrapolated and the observed RLFs at 28.5 GHz, using data from Coble et al. (2007) . We restrict ourselves to sources in the 37 clusters in the Coble et al. (2007) sample which have redshifts in the range 0.1 − 0.3, and for which X-ray observations are available, in order to match the selection criteria for our sources. Next, as the Coble et al. (2007) observations are made at the BIMA and OVRO arrays, we need to take account of the primary beam size of these arrays (6.6 ′ and 4.2 ′ , respectively). We therefore include only the 27 radio sources that fall inside a projected radius of r 2000 ≈ 0.33r 200 , as this radius roughly matches the FWHM beam of BIMA for clusters in the redshift range 0.1 − 0.3. Using the source counts at 30 GHz from Knox et al. (2004) , we estimate that roughly 11 sources could be background objects. Given this uncertainty and the small number of sources, the RLF is not well determined. Furthermore, it is difficult to evaluate the impact of Coble et al.'s cluster selection on the resulting RLF (if anything, the amplitude of the RLF should be higher, because their cluster sample is selected against those hosting bright point sources). Nevertheless, it is reassuring to find that there is a general agreement between the data points and our extrapolation (shaded region).
We note that the redshift evolution of radio sources in clusters is an unresolved issue. Our sample is limited to z < 0.25, and currently there is no consensus as how radio galaxies evolve in massive halos (see LM07 for discussion). We have acquired C, X, and K band data for a sample of radio galaxies in ∼ 10 intermediate-redshift clusters. Better constraints on the redshift evolution based on these new data will be presented in a future publication. In the current analysis, we will assume a pure density evolution of the form φ(z) ∝ φ(z = 0)(1 + z) γ , with γ = 1, which corresponds to a factor of 2 increase of the density at z ≈ 1. Such an evolution is derived from an analysis of the cluster radio source evolution from the Red sequence Cluster Survey (Roscioli & Gladders 2008, in preparation; M. Gladders, 2008, private communication) , and is much milder than what is assumed in LM07. The contamination of the SZE due to radio sources based on the present analysis is therefore much smaller when compared to the forecast presented in LM07. Now, given the mass and redshift of a dark matter halo, we can estimate the degree of contamination as follows. For a halo, we denote the total fluxes from radio sources as S AGN , and the SZE signal as S SZE . Using our Monte Carlo scheme to generate a large number of radio sources in massive halos, the fraction of halos for which S AGN is a significant fraction q of |S SZE | can be calculated. We consider two cases, q = 0.2 and q = 1, corresponding to 20% and 100% contamination. We show in Fig. 10 the resulting AGN contamination fraction (ACF) at 145 GHz, which is the proportion of the clusters expected to host radio galaxies whose flux is S AGN ≥ q|S SZE |, as a function of cluster mass. The 3 panels show the results at z = 0.1, 0.6, and 1.1 (bottom to top). In each panel, the open points refer to the case of q = 0.2, while the solid points show the q = 1 ACF multiplied by a factor of 10 (for better presentation). Using different combinations of SIDs, we have constructed 12 145 GHz RLFs, resulting in a range of degree of contamination (at a given halo mass and redshift). While the points show the mean value of the contamination fractions, the error bars indicate the 1σ range based on the 12 estimates.
The general trend shown in Fig. 10 is that ACF decreases as cluster mass and redshift increase. For q = 0.2 contamination, the most affected clusters are those nearby, at ∼ 10% level for M 200 = 10 14 M ⊙ clusters, reaching to 1 − 2% for M 200 ≥ 10 15 M ⊙ ones. At z = 0.6, an epoch close to the peak of cluster redshift distribution, the q = 0.2 ACF is reduced to < 2% at 10 14 M ⊙ , and becomes negligible towards high mass end. At z = 1.1 the q = 0.2 ACF is always at sub-percent level. Finally, the proportion of clusters that are affected by AGNs to 100% is a factor of 4 − 5 smaller than the above estimates. For completeness, we note that about 0.4 − 4% (1 − 7%) of clusters in the mass range 10 14 − 10 15 M ⊙ at z ∼ 0.6 may be contaminated to 10% (5%) level (i.e., q = 0.1 and 0.05, respectively). At z = 1.1, these values become 0.04 − 1% (0.2 − 2%).
We have provided a framework for estimating the abundance of radio-loud AGNs in halos. To better determine the impact of radio sources in SZE surveys, however, it is necessary to carry out mock observations that take into account the properties of the telescope and receiver system (e.g., angular resolution, sensitivity, frequency; see Sehgal et al. 2007) , as well as the auxiliary observations (e.g., availability of multiwavelength data).
SUMMARY AND FUTURE WORK
We have presented a study of the spectral energy distribution of radio sources in a large sample of nearby clusters (z < 0.25). For 139 sources selected at 1.4 GHz and spectroscopically confirmed to be members of the clusters, we use the VLA to measure the flux densities at 4.9, 8.5, 22, and 43 GHz (C, X, K, and Q bands) nearly simultaneously, and determine the distribution of the SED. Sources with extended morphology may be resolved out at high frequencies (i.e., reduction in flux due to the higher angular resolution of interferometer), making the determination of the spectral shape nontrivial. We have downgraded the resolution of our 43 GHz images to match the resolution at 22 GHz, thus enabling reliable comparisons of fluxes at these two frequencies ( §5.1); it FIG. 10.-Fraction of clusters which host enough radio-loud AGNs such that their SZE signal measurements at 145 GHz may be contaminated. We consider cases where the fluxes of the AGNs are at least a fraction q of the SZE signal, S AGN ≥ q|S SZE | (for the case where SZE signal is a temperature decrement), with q = 0.2 (open symbols) and q = 1 (solid symbols). Note the q = 1 contamination fraction is multiplied by a factor of 10 for clarity of presentation. From bottom to top we examine clusters at z = 0.1, 0.6, and 1.1. A mild density evolution of the radio sources is assumed (corresponding to a factor 2 increase at z = 1 compared to z = 0). The contamination fraction is quite small (always < 10%), and decreases with both cluster mass and redshift. The errorbars show the 1σ range of possible degrees of contamination, reflecting our incomplete knowledge of the spectral shape of the radio sources.
is more difficult to match the resolution between the other frequency intervals, and therefore our measurements of the spectral indices involving the two lower frequencies (e.g., between 8.5 and 22 GHz, α X K , where S ∝ ν α ) are lower limits. The flux measurement of point-like (or barely resolved) sources, or "cores" embedded in extended sources, on the other hand, is more straightforward.
Our main findings are the following: 1. For ∼ 70 core/point-like sources that are detected in at least three frequencies, we study the distribution of the spectral shape via the "two-color" diagram (Fig. 3) , and find that the spectral shape cannot be described by simple power-laws for the bulk of the sources. About 60% of sources have α KQ > α CX , indicating a flattening of the spectral shape above 8 GHz or so; only 1/3 of the sources have steep spectra in the entire range from 4.9 to 43 GHz. 2. We determine the spectral index distribution using survival statistics that take non-detections (upper limits) into account. The results are shown in Fig. 4 and Table 4. The compact sources are found to have "flatter" spectral shape than the extended sources. 3. The spectral indices do not correlate with properties of host galaxies or clusters, such as the color and luminosity of the galaxies, the radio luminosity at 1.4 GHz, the distance of the host galaxy to the cluster center, and the mass of the host clusters. This result agrees with previous studies, and suggests that the radio emission may be dominated by the small scale physics of the nucleus, rather than by the cluster environment. 4. In an attempt to estimate the contamination of the SZE signal due to radio point sources in cluster surveys, we make use of the spectral index distributions in several frequency bands to extrapolate the well-measured RLF at 1.4 GHz to the frequencies employed by several on-going radio/millimeter wave experiments. As the extrapolation depends on the SIDs employed, we bracket the possible range of the predicted RLFs by using SIDs in intermediate frequency bands (e.g., 8 − 20 GHz) that are known to be biased in opposite ways. The amplitude of the resulting RLFs at ν ≥ 30 GHz is in general 5 − 20 times lower compared to that at 1.4 GHz. Under the assumption that the RLF follows a pure density evolution with redshift of the form φ(z) ∝ φ(z = 0)(1 + z) γ , such that the abundance of sources at z = 1 is twice the local value, we find that the fraction of clusters that may be seriously affected by point sources is quite small; at the cluster mass scales close to the detection limits of the on-going surveys (e.g., 2−3×10 14 M ⊙ ), and at the redshift where we expect the experiments to detect most of the clusters (i.e., z ∼ 0.6), 2% of the clusters will be contaminated to 20% level or above (that is, the total fluxes from AGNs are at least 20% of the SZE signal).
There are two aspects that need to be improved for a better forecast within our analysis framework. Currently, the largest uncertainty in our modeling is the redshift evolution of cluster radio galaxies. If not properly accounted for, any unexpected evolution of the radio sources may be misinterpreted as changes in the cluster mass function, and cause errors in the determination of the properties of the dark energy. With our on-going VLA survey of cluster radio galaxies at intermediate redshift (0.3 ≤ z ≤ 0.8), we plan to address this issue in a future publication.
In addition, in our forecast, it is implicitly assumed that the number of radio galaxies (N RG ) a cluster can host is proportional to the cluster mass (M 200 ). If, instead, N RG ∝ M s 200 with s < 1, we would overestimate the AGN contribution in high mass clusters. To check this assumption, one needs to determine the halo occupation distribution for radio galaxies. To this end, we have attempted to construct the halo occupation distribution of radio galaxies, using a large sample of radio galaxies in the local Universe (Lin et al. 2008, in preparation) .
Mainly because of the very mild redshift evolution of the radio sources we adopt (which is based on the results from the RCS survey; Roscioli & Gladders 2008, in preparation), we find that radio sources do not cause a substantial degree of contamination to the SZE signal. To control the systematics in the on-going and future SZE cluster surveys, it is thus crucial to understand the contamination due to the dusty IR sources. Rapid progress has been made on this regard (e.g., Righi et al. 2008; Fernandez-Conde et al. 2008) . It would be important to perform an assessment of contamination due to both radio and IR sources within a single framework, which is the goal of our research in the near term.
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This research has made use of the NED and BAX databases, and the data products from the NVSS and GB6 surveys.
APPENDIX SPECTRAL INDEX DISTRIBUTIONS FROM NVSS/GB6 AND AT20G SURVEYS
Here we describe the construction of the spectral index distributions, SID(1.4 − 5, NVSS/GB6) and SID(8 − 20, AT20G), shown in Fig. 7 .
The NRAO VLA Sky Survey (Condon et al. 1998 , NVSS) is a 1.4 GHz survey covering the sky north of δ = −40 • , with a resolution of 45 ′′ . The nominal detection limit is 2.5 mJy. The Green Bank 4.85 GHz (GB6) survey (Gregory et al. 1996 ) used NRAO's (former) 91m telescope to survey the sky within 0
• < δ < 75 • , with a resolution of 3.5 ′ , and a detection threshold of 18 mJy. We first match the NVSS source catalog to the the spectroscopic sample of SDSS DR6 (with a conservative matching radius of 10 ′′ ), and limit the combined sample to z < 0.4, as we are interested in the radio galaxies in the local Universe. We then cross correlate the NVSS/SDSS sample with GB6 (again using a conservative matching radius of 1 ′ ), keeping all unmatched NVSS/SDSS sources (for which we can derive upper limits on α LC ). Because of the differences in the angular resolution of the two radio surveys, we further limit ourselves to NVSS sources for which there are no neighboring sources from NVSS within a radius of 4 ′ . This is to ensure that both surveys measure the "total" flux from the sources, and to avoid sources that might be blended in the lower resolution GB6 survey. Finally, to account for the differences in the detection limits, we set a high flux cut (100 mJy) for NVSS sources so that we can be sure to include all sources with α LC > −1.4. Of the resulting 292 NVSS sources, 9 are not detected in GB6, and we assign 18 mJy as the upper limit in the 4.85 GHz flux for these sources. The SID from this sample is shown in the lower panel in Fig. 7 . We note our result is not sensitive to the flux cut applied to the NVSS sources, or on the requirement for the "isolatedness" of the sources. Neither setting the cut to 200 mJy (so that we are complete for sources with α LC > −1.9) nor including sources with neighbors closer than 4 ′ changes the mean value of the SID beyond the one sigma level.
The Australia Telescope Compact Array is conducting a large survey at 20 GHz (AT20G) that will eventually cover the sky south of δ = 0
• . A bright source catalog based on observations up to 2004 is reported by Sadler et al. (2006) . We use the 114 sources stronger than 100 mJy at 20 GHz that are also detected at 8.6 GHz to construct the SID, and show the result in the middle panel of Fig. 7 . Because the sources are selected at 20 GHz, the SID is biased towards positive values. Furthermore, the redshifts for the majority of the sources are not available, and thus the result may not be representative of the restframe 8 − 20 GHz SID. Nevertheless, this sample provides a distribution that is at the opposite extreme compared to that from our VLA observations, and therefore the two SIDs should bracket the true distribution. Owen & Ledlow (1997) , which is based on B1950 positions; Parentheses denote multiple components.
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Morphology of the sources: "−1" denotes extended source; "C" means core; "P" refers to point-like. 
